The ephrin/Eph system plays a central role in neuronal circuit formation; however, its downstream effectors are poorly understood. Here we show that a-chimerin Rac GTPase-activating protein mediates ephrinB3/EphA4 forward signaling. We discovered a spontaneous mouse mutation, miffy (mfy), which results in a rabbitlike hopping gait, impaired corticospinal axon guidance, and abnormal spinal central pattern generators. Using positional cloning, transgene rescue, and gene targeting, we demonstrated that loss of a-chimerin leads to mfy phenotypes similar to those of EphA4 À/À and ephrinB3
INTRODUCTION
Ephrins are cell-surface-bound ligands for Eph receptors, which comprise the largest family of receptor tyrosine kinases (Eph Nomenclature Committee, 1997) . The ephrin/Eph interaction induces bidirectional signaling: ephrin / Eph forward and Eph / ephrin reverse (Noren and Pasquale, 2004; Palmer and Klein, 2003) . Ephrin/Eph signaling, which functions in short-range cell-to-cell communication primarily through repulsive effects, is central to neuronal circuit development (Flanagan and Vanderhaeghen, 1998; Palmer and Klein, 2003; Pasquale, 2005) .
Downstream signaling has been studied mostly through in vitro cell culture experiments. Particularly important players in both forward and reverse signaling are the Rho-family GTPases (Rho-GTPases), such as RhoA, Rac, and Cdc42, which are the key regulators of actin dynamics (Etienne-Manneville and Hall, 2002; Luo, 2000; Noren and Pasquale, 2004; Wahl et al., 2000) . RhoGTPases are directly activated by Rho-guanine nucleotide-exchange factors (Rho-GEFs) and are inactivated by Rho-GTPase-activating proteins (Rho-GAPs). Accumulating evidence suggests that ephrin/Eph regulates Rho-GTPases through Rho-GEFs Irie and Yamaguchi, 2002; Murai and Pasquale, 2005; Ogita et al., 2003; Penzes et al., 2003; Shamah et al., 2001; Tanaka et al., 2004) .
Among the numerous Rho-GEFs involved in ephrin/Eph signaling, ephexin1 is the best characterized. EphA receptors are thought to regulate growth cone dynamics through ephexin1 in axon guidance Shamah et al., 2001) . Activation of RhoA induces growth cone retraction and/or collapse, while activated Rac and Cdc42 promote its extension (Etienne-Manneville and Hall, 2002; Luo, 2000) . The engagement of Ephs by ephrin leads to activation of the GEF activity of ephexin1 toward RhoA, thereby causing growth cone collapse in vitro (Shamah et al., 2001) . However, as ephexin1-knockout (KO) mice are apparently normal , the role of ephexin1 remains largely unknown. It is also noteworthy that, compared with the considerable attention given to Rho-GEFs, the possible contribution of Rho-GAPs in actin dynamics controlled by ephrin/Eph signaling has largely been neglected.
The roles of ephrin/Eph signaling in vivo have been studied using mouse reverse genetics. An extremely well-characterized case is ephrinB3 / EphA4 forward signaling. EphrinB3 À/À and EphA4 À/À mice both display several neural phenotypes, including a rabbit-like hopping gait and impairment of two major motor circuits: the corticospinal tract (CST) and the spinal neuronal circuit controlling locomotion, which is also known as the central pattern generator (CPG) . Similar phenotypes are also displayed by EphA4 KD/KD and EphA4 FF/FF mice, both of which have impaired kinase activity of EphA4, but not by mice expressing a truncated form of ephrinB3 lacking its cytoplasmic domain (Dottori et al., 1998; Kullander et al., 2003 Kullander et al., , 2001a Kullander et al., , 2001b Yokoyama et al., 2001) . Thus, it is apparent that ephrinB3 / EphA4 forward signaling, but not EphA4 / ephrinB3 reverse signaling, is essential for the formation of these motor circuits.
CST axons controlling voluntary movements arise in the motor cortex, cross into the contralateral side of the medulla, and enter the spinal cord (Gianino et al., 1999; Liang et al., 1991) . In wild-type (WT) mice, they rarely cross back to the other side in the spinal cord because ephrinB3 is anchored at the midline and generates repulsive signals through EphA4 receptors expressed on the surface of the CST axon membranes. In ephrinB3 or EphA4 mutant mice, due to a lack of repulsive ephrinB3/EphA4 forward signaling, many CST axons fail to stop at the midline and recross it (Kullander et al., 2001a; Yokoyama et al., 2001) . Spinal CPGs are thought to generate the repetitive sequential stepping of limbs during walking (Grillner and Wallen, 1985) . Locomotor-like rhythmic activity, alternating between the left and right sides, can be evoked in the isolated spinal cords of WT mice (Nishimaru and Kudo, 2000) , whereas the activity of the two sides is synchronous in the spinal cords of ephrinB3 À/À or EphA4 À/À mice (Kullander et al., 2003) . Aberrant midline crossing of axons from EphA4-expressing CPG interneurons is thought to be responsible for the CPG abnormality in ephrinB3 À/À and EphA4 À/À mice (Kiehn and Kullander, 2004; Kullander et al., 2003) .
The current study provides both in vivo and in vitro evidence that the Rac-specific GAP a-chimerin plays a critical role in the formation of CST and CPGs as an essential downstream component of ephrinB3/EphA4 forward signaling.
RESULTS

A Novel Spontaneous Autosomal Recessive Mutation leading to a Rabbit-like Hopping Gait
We unexpectedly discovered mutant mice with a rabbitlike gait while generating mice homozygous for a ChATCre#23 construct (Inoue et al., 2003) . This mutation, which we designated as miffy (mfy), was autosomal recessive. We initially assumed that mfy was caused by gene disruption during transgene integration. However, this was not the case because the mfy locus segregated from the transgene, suggesting that the mutation arose spontaneously. mfy/mfy mice appeared in crosses at the expected Mendelian frequency and were healthy and fertile. Their bodies were slightly smaller than their littermate controls during the postnatal developmental period. For instance, on postnatal day 10 (P10), the average body weights ± standard error of the mean (SEM) were 4.68 ± 0.17 g, 5.68 ± 0.17 g, and 5.80 ± 0.15 g for the mfy/mfy (n = 10), mfy/+ (n = 12), and +/+ (n = 5) pups, respectively. However, these differences were not evident in adulthood.
WT and mfy/+ mice moved with a normal alternate step gait. By contrast, all of the mfy/mfy mice (n > 100) tended to move their left and right hind limbs synchronously, resulting in a rabbit-like hopping gait ( Figure 1A) . The mean ± SEM proportion of left-right synchronized gaits among 40 randomly selected gaits was 0 for mfy/+ (n = 13) and 98.42% ± 0.61% for mfy/mfy (n = 19) mice (p < 0.0001, unpaired t test). The gross morphology of the mfy/mfy mouse brain was indistinguishable from that of its littermate controls (WT and mfy/+ mice; Figures S1A and S1B). By contrast, a morphological analysis of cross-sections of the spinal cord of mfy/mfy mice revealed that the white matter in the dorsal funiculus was reduced, most prominently at the lumbar levels ( Figure S1C ).
Aberrant Recrossing of CST Axons at the Midline of the Spinal Cord in mfy/mfy Mice
The CST axons control voluntary movements through direct or indirect contact with spinal motor neurons (Liang et al., 1991) . To visualize these axons, we injected anterograde tracer into the left motor cortex and stained the projections of the CST axons in the medulla and spinal cord. CST axons arising in the left motor cortex crossed to the right side of the medulla in both mfy/mfy and control mice ( Figure S1D ). However, in the spinal cord of control mice (n = 11), CST axons projected only into the contralateral (right) gray matter and barely recrossed the midline into the ipsilateral gray matter, whereas we observed aberrant midline recrossing of these axons in all of the preparations of mfy/mfy mouse spinal cords examined (n = 7; Figures 1B and 1C) .
To confirm the anterograde tracing results, we injected a retrograde tracer unilaterally into the lumber spinal cord ( Figure 1D ). In WT mice, most of the retrograde-labeled CST neurons were located in layer V of the contralateral motor cortex ( Figure 1E ). However, in mfy/mfy mice, the ipsilateral cortex also contained many labeled neurons ( Figure 1F ). Cell-count analyses of the motor cortex revealed that the ipsilateral cortex of WT (n = 4) and mfy/mfy (n = 7) mice contained 2.02% ± 0.92% and 34.26% ± 5.22% times as many labeled cells as the contralateral cortex, respectively, which was statistically significant (p < 0.002; Figure 1G ).
Abnormal CPGs in the Spinal Cord of mfy/mfy Mice To examine the locomotor CPGs underlying limb movements during walking, we isolated the spinal cords from newborn (P1-P3) mfy/mfy and control (mfy/+ and WT) mice and induced locomotor-like activity by applying N-methyl-D-aspartate (NMDA) and serotonin. The ventral root (VR) activity of lumber 2 (L2) represents flexor muscle activity during locomotion, while that of L5 represents extensor activity (Whelan et al., 2000) . In control mice, we observed alternation between the left and right L2s (Figures 2A-2C ), whereas the cords of mfy/mfy mice displayed a synchronous rhythm of the left and right L2s (Figures 2A-2C ). The rhythmic activity of the flexors (L2) and extensors (L5) of each limb alternated in both control and mfy/mfy mice spinal cords (Figures 2A-2C ). We injected a tracer unilaterally into the ventral side of the spinal cords of P4 mfy/mfy and control pups, and we found that more neuronal fibers, presumably derived from ipsilateralprojecting interneurons, crossed the midline in the mfy/mfy spinal cords than in the control spinal cords ( Figure 2D ; for quantitative analyses, see Figures S2A and S2B ).
The mfy Locus Encodes the Rac-Specific GAP a-Chimerin To locate the mfy locus, we employed microsatellites and single-nucleotide polymorphisms (SNPs) that distinguish between the alleles of two inbred mouse strains, DBA/2 (DBA) and C57BL/6 (B6). The mfy mutant was identified and maintained in a pure B6 genetic background. We therefore crossed mfy/mfy mice with WT DBA mice and obtained mfy/+ mice in a B6/DBA F 1 genetic background. By backcrossing these F 1 mice to mfy/mfy mice and genotyping the DNA of the 299 backcross progeny, we mapped the mfy locus to the region between SNPs rs13476571 and rs13459064 on chromosome 2 (Figure S3 ).
In total, 30 genes are known within this 3.27 Mb interval (Table S1 ). Among these, 10 genes could be excluded because their KO mouse lines have been previously reported to survive to adulthood, and they do not appear to have hopping gaits (for references, see Table S1 ). We compared the sizes and transcript levels of the remaining 20 genes in the brains of WT and mfy/mfy mice at P5 using the reverse transcription-polymerase chain reaction (RT-PCR) with primer sets amplifying the complementary DNA (cDNA) between the 5 0 and 3 0 untranslated regions (UTRs) and found that the transcripts of only one gene, the a-chimerin (a-Chn) gene, differed in size (Figures 3A and 3B; Table S1 ). a-chimerin is a Rho-GAP that is specific for the positive regulator of actin polymerization, Rac (Diekmann et al., 1991; Hall et al., 1990 Hall et al., , 1993 . Recent reports using overexpression and/or small-interfering RNA (siRNA)-mediated knockdown in cultured neurons and/ or tissue slices suggest that a-chimerin is involved in regulating dendritic morphology and spine density (Buttery et al., 2006; Van de Ven et al., 2005) as well as semaphorin3A-induced growth cone collapse (Brown et al., 2004) . However, the role of a-chimerin in living animals has not yet been defined.
a-Chn has two splice isoforms: a1 and a2 (Hall et al., 1990 (Hall et al., , 1993 . A comparison of the sequences of the a1-Chn and a2-Chn cDNAs of WT and mfy/mfy mice revealed that exon 9 (174 base pairs [bp]) was deleted in the (E and F) In the motor cortex layer V of control (WT) mice, most of the labeled neurons were located in the contralateral side (E). In mfy/mfy mice, the ipsilateral side also contained many labeled neurons (F). (G) The ipsilateral/contralateral ratio of numbers of labeled cortical neurons in mfy/mfy mice (n = 7) was significantly higher than that of control mice (n = 4). Data are represented as the mean ± SEM: Student's t test, p < 0.002. Scale bars: 100 mm.
a1-Chn
mfy and a2-Chn mfy transcripts ( Figure 3A ). Exon 9 encodes 58 amino acids, three of which (EIE) are known to be essential for the GAP activity of a-chimerin that inactivates Rac (Ahmed et al., 1994) ; a2-chimerin mfy was indeed found to lack Rac-GAP activity in vitro ( Figure S4 ). In addition to the a1 and a2 isoforms, we found transcripts of a putative novel isoform that we termed a3 ( Figures 3A  and 3B ). In the a3-Chn mfy transcript, four nucleotides (GATG) of exon 9, including the putative initiation codon, were replaced with retroposon sequences, and intron 9 failed to be excised ( Figure 3A ). The cloning and sequencing of the genomic DNA of the mfy allele revealed an insertion of a retroposon into exon 9, which appeared to impair both the donor and the acceptor splicing functions ( Figure 3A) . Quantitative RT-PCR demonstrated strong a2-Chn expression, weak a1-Chn expression, and little a3-Chn expression in the motor cortex and spinal cord of P4 WT mice ( Figure 3C ). We therefore focused on the a2 isoform in subsequent studies. We raised an a2-chimerin-specific polyclonal antibody and confirmed by western blot analysis that the a2-chimerin WT protein could not be detected in the mfy/mfy brain ( Figure 3D ). Furthermore, even the a2-chimerin mfy protein was barely detected in the mfy/mfy brain and spinal cord (Figures 3D and 3E) , suggesting that endogenous a2-chimerin mfy is much less stable in neurons than a2-chimerin mfy overexpressed in cultured cells ( Figure S4B ).
Improved Locomotor Behavior of mfy/mfy Mice Expressing Transgenic a-Chn
To confirm that a-Chn was the mfy gene, we tested whether transgenic (Tg) expression of a-Chn rescued the mfy phenotype. We modified a bacterial artificial chromosome (BAC) clone that covered the 49 kb upstream region and exons 1-7 of a-Chn using Red/ET homologous recombination and flp/FRT recombination in order to make a BAC a-Chn construct in which exon 7 was followed by a cDNA encoding exons 8-13 and a poly(A) signal ( Figure 4A ). We then generated two lines (#539 and #883) of BAC Tg mice by microinjecting the construct into pronuclei and mated them with mfy/mfy mice to obtain Tg mice in the mfy/mfy background ( Figure 4B ). There were no improvements in the gaits of the Tg#539:mfy/mfy mice (see Figure S5 legend), consistent with no detectable a-chimerin expression in these mice (Figures S5A and S5B) . By contrast, considerable improvement was observed in the gaits of the Tg#883:mfy/mfy mice ( Figure 4C ). The average ± SEM proportion of left-right synchronized gaits in 40 randomly selected gaits of Tg#883:mfy/mfy mice (n = 13) was 53.65% ± 6.56%, which was substantially less than in their littermate mfy/mfy mice (n = 6, 99.58% ± 0.42%; p < 0.0001, unpaired t test). a-chimerin protein was expressed at low levels in Tg#883:mfy/mfy mice ( Figures S5A-S5C ), which was consistent with the moderate rescue of gait observed in these mice. These results strongly suggest that a-Chn is the causal gene of the mfy mutation.
Generation and Characterization of a-Chn KO Mice
To further confirm that the mfy gene encoded a-Chn, we deleted exons 9 and 10 from the allele by a gene-targeting technique in embryonic stem (ES) cells and Cre/loxP recombination in the mouse germline and generated mice homozygous for the targeted allele (a-Chn KO mice; Figures 4D and S5D) . These mice had a hopping gait similar to that of mfy/mfy mice ( Figure 4E ). They also demonstrated aberrant midline recrossing of CST axons (Figure 4F ), aberrant midline crossing of spinal local circuit neurons ( Figure S2C ), and shorter ventral extension of the dorsal funiculus in the spinal cord (data not shown). Furthermore, they showed abnormal spinal CPGs (Figures 4G and S6) . All of these phenotypes were similar to those of mfy/mfy mice. Thus, we concluded that the mfy phenotypes were caused by a-Chn disruption.
Localization of a-Chimerin Proteins in CST
The phenotypes of mfy/mfy and a-Chn KO mice (hopping gait, Figures 1A and 4E ), abnormal spinal-cord morphology ( Figure S1C ), abnormal CPGs ( Figures 2C and 4G ), aberrant midline crossing by CPG axons ( Figures 2D and  S2) , and aberrant midline recrossing by CST axons (Figures 1B and 4F) appeared to be identical to those reported for ephrinB3 À/À and EphA4 À/À mice (Dottori et al., 1998; Kullander et al., 2003 Kullander et al., , 2001a Yokoyama et al., 2001) and for EphA4 FF/FF and EphA4 KD/KD mice expressing a mutant EphA4 lacking kinase activity (Kullander et al., 2001b) . Nevertheless, the anterior commissure, the formation of which is known to be dependent on EphA4 reverse signaling (Kullander et al., 2001b) , appeared normal in mfy/mfy mice ( Figure S1B ). Hence, it seemed likely that the mfy phenotype was caused by impairment of ephrinB3/EphA4 forward signaling. Using immunohistochemistry, we found that a2-chimerin colocalized with EphA4 in the developing CST ( Figures S7A and S7C) . In a-Chn KO CST, a2-chimerin was not detected, but the levels of EphA4 expression appeared to be unaltered ( Figures S7B and S7D ). We also found that the a2-chimerin protein was present in the growth cones of cultured neurons derived from the anterior dorsomedial to dorsal neocortex (motor cortex; Figure S8C) . These results suggest that a-chimerin functions (D) Western blot using an a2-chimerin-specific antibody revealed that a2-chimerin WT protein (WT) was absent from mfy/mfy mice. Unexpectedly the mutant protein (mfy) was barely detectable in mfy/+ and mfy/ mfy mice. Total lysates from P10 of the mouse telencephalon were used.
(E) Immunohistochemistry using a2-chimerin-specific antibody revealed strong expression of a2-chimerin in the CST (arrows) of the dorsal funiculus (dotted line) of the WT spinal cord, suggesting that a2-chimerin functions in developing CST axons. a-chimerin was not detectable in mfy/mfy spinal cords. Scale bar: 50 mm.
as a downstream mediator of ephrinB3/EphA4 forward signaling in developing CST axons.
Interaction between a-Chimerin and EphA4
To test whether a-chimerin interacts with EphA4, we cotransfected 293T cells with EphA4 and a-Chn-expression constructs and immunoprecipitated EphA4 from cell lysates with Fc region-fused ephrinA1. Both a1-chimerin and a2-chimerin were precipitated with EphA4 WT and kinase-dead EphA4 FF ( Figure 5A ), and a2-chimerin mfy was also precipitated with EphA4 ( Figure S9 ). These results suggest that a-chimerin interacts with EphA4 in vitro and that this interaction does not require the kinase activity of EphA4 or the GAP activity of a-chimerin. To identify the region of a-chimerin responsible for interacting with EphA4, we performed an in vitro glutathione S-transferase (GST) fusion protein pull-down assay. EphA4 was coprecipitated with full-length a2-chimerin and the a1-and a2-common carboxy (C) terminus, but not with the a2-specific amino (N)-terminus ( Figure 5B ). These results show that EphA4 associates with a1-chimerin and a2-chimerin at their C termini.
Next we examined whether a-chimerin interacts with EphA4 in neurons, and, if so, whether ligand stimulation enhances the interaction. EphA4 was coprecipitated with a2-chimerin without ligand stimulation, and the amount of EphA4 precipitated with a2-chimerin was not increased following stimulation with clustered ephrinB3 ( Figure 5C ). These results indicate that a-chimerin associates with EphA4 in neurons and that this interaction is independent of ephrinB3-stimulation. Finally, we prepared lysates from the developing motor cortex of WT mice and immunoprecipitated them with anti-a2-chimerin antibody. EphA4 was again precipitated with a2-chimerin ( Figure 5D ). Figure 5F ).
These results indicate that both EphA4 kinase activity and functional a-chimerin are required for ephrinB3 stimulation to inactivate Rac. It is noteworthy that the EphA4 proteins overexpressed in COS cells were phosphorylated, and, therefore, kinase active, but were unable to fully activate a-chimerin in the absence of ephrinB3 stimulation ( Figure 5E ). These results suggest that EphA4 kinase activity alone is not sufficient for activating the Rac-GAP of a-chimerin (see Discussion).
Downregulation of a-Chimerin Suppresses EphrinB3-Induced Growth Cone Collapse in Cultured Cortical Neurons
EphrinB3/EphA4 forward signaling induces growth cone collapse in cultured neurons derived from the motor cortex (Egea et al., 2005; Kullander et al., 2001a) . To determine whether a-chimerin regulates growth cone dynamics downstream of ephrinB3/EphA4 forward signaling, we performed two experiments. First, we cultured neurons (B) EphA4 interacted with the a-chimerin C terminus that is common to both a1 and a2 isoforms. For pulldown assays, HEK293T cells transfected with Myc-tagged EphA4 were lysed, and supernatants were incubated with GST-fusion proteins of a2-chimerin and its deletion mutants, followed by incubation with glutathione-Sepharose beads. Bound proteins were analyzed by SDS-PAGE and immunoblotting with anti-Myc antibody. The lower panel shows Coomassie brilliant blue (CBB) staining of GST-fusion proteins used in this experiment.
(C) Endogenous a-chimerin and EphA4 interacted in neurons, and ephrinB3-stimulation did not enhance this interaction. Cultured cortical neurons from E18.5 rats were stimulated with preclustered ephrinB3-Fc or control Fc for 5 or 15 min. Bound and total proteins were analyzed by immunoblotting with antibodies against EphA4 and a2-chimerin.
(D) Endogenous a-chimerin and EphA4 interacted in the mouse brain. Lysates from a P3 mouse cortex were immunoprecipitated with anti-a2-chimerin antibody or anti-Myc antilbody (a negative control). The mfy/mfy cortex was used as a second negative control. Bound and total proteins were analyzed by immunoblotting with antibodies against EphA4 and a2-chimerin. (E) COS-7 cells transfected with the indicated plasmids were stimulated with preclustered ephrinB3-Fc (+) or Fc (À) for 10 min. GTP-bound Rac1 was identified by SDS-PAGE and immunoblotting, and its levels were measured and normalized to the corresponding total Rac1 levels. The means and SEMs of Rac1 activity (fold increase/basal) are shown at the bottom. (F) Statistical analysis of the data shown in (E). EphrinB3-stimulation inactivated Rac1 in cells expressing both EphA4
WT and a-chimerin derived from the motor cortex of WT and mfy/mfy mice on embryonic day 16.5 (E16.5) and then stimulated them with preclustered Fc or ephrinB3-Fc. EphrinB3 efficiently induced growth cone collapse in WT cortical neurons, as previously reported (Kullander et al., 2001a; Figures 6A and 6B) ; however, in the mfy/mfy cortical neurons, the frequency of collapse was significantly reduced ( Figure 6B ). Second, we expressed a-chimerin-specific siRNA by transfecting an expression vector into cultured neurons derived from the E18.5 rat motor cortex ( Figure S8 ). The frequency of ephrinB3-induced growth cone collapse was significantly reduced in transected neurons (Figure 6C) , and western blotting with the anti-a2-chimerin antibody demonstrated that a-chimerin protein levels were drastically reduced (>90%) in the transfected neurons ( Figure 6D ). We concluded that a-chimerin Rac-GAP acts downstream of ephrinB3/Eph signaling to cause growth cone collapse of cortical neurons. Taken together, the results of our in vivo and in vitro studies confirm that a-chimerin Rac-GAP is a key molecule linking ephrinB3-induced EphA4 activation to the inactivation of Rac-a positive regulator of process outgrowth-thereby causing growth cone retraction and, eventually, axonal repulsion at the spinal cord midline. We have shown the following. First, a-chimerin is colocalized with EphA4 in the developing CST ( Figure S7 ). Second, it interacts with EphA4 both in vitro and in vivo ( Figures 5A-5D ). Third, when EphA4 is stimulated by ephrinB3, a-chimerin inactivates Rac, which is a positive regulator of process outgrowth, in vitro ( Figure 5F ). Fourth, ephrinB3-induced growth cone collapse is suppressed in cultured cortical neurons in which a-chimerin is downregulated by RNAi or mfy mutation (Figure 6 ). Fifth and finally, repulsion of CST axons at the spinal cord midline ( Figures 1B and 4F ) and formation of spinal CPGs ( Figures  2C and 4G ) are impaired in mfy/mfy mice and a-Chn KO mice, and both of these processes depend on ephrinB3/ EphA4 forward signaling (Kullander et al., 2003 (Kullander et al., , 2001a (Kullander et al., , 2001b Yokoyama et al., 2001 ). Our results show that the Rac-GAP a-chimerin regulates CST axon guidance and CPG formation by mediating ephrinB3/EphA4 forward signaling (Figure 7) .
It has been proposed that EphA receptors regulate growth cone dynamics through Rho-GEF ephexin1 (Shamah et al., 2001) . During this process, activation of RhoA induces growth cone retraction and/or collapse, while activated Rac and Cdc42 promote its extension (Etienne-Manneville and Hall, 2002; Luo, 2000) . The engagement of Ephs by ephrin leads to preferential activation of the exchange activity of ephexin toward RhoA, thus leading to growth cone collapse in vitro ( Figure 7A ; Shamah et al., 2001) . We showed that the ephrin/Eph interaction leads to growth cone collapse due to Rac inactivation via the GAP activity of a-chimerin ( Figure 7A ). As both ephexin1 and a-chimerin are enriched in the central nervous system (Hall et al., 2001 (Hall et al., , 1993 Shamah et al., 2001) , it is likely that the cooperative action of ephexin1-induced RhoA activation and a-chimerin-induced Rac inactivation function to induce retraction of growth cones during axon guidance in various circuits. Ephexin1 KO mice appear to be normal . This absence of an obvious phenotype might be due to compensation by other ephexin family members. Alternatively, it might be due to the activity of a-chimerin, which could prevent growth cone extension by inactivating Rac in response to ephrin/Eph signaling, even in the absence of (B) Growth cone collapse was induced by ephrinB3 in cultured neurons derived from the WT motor cortex, but was barely seen in those derived from the mfy/mfy cortex. All data are presented as the mean ± SEM of four independent experiments in each of which 100 neurons were counted (***p < 0.001, Student's t test). (C) Downregulation of a-chimerin by siRNA suppressed ephrinB3-induced growth cone collapse in cultured cortical neurons. Cultured neurons derived from E18.5 rat cortex were transfected with a plasmid expressing both siRNA and enhanced yellow fluorescent protein (EYFP). In each experiment, 34-67 neurons expressing EYFP were counted. (*p < 0.05, Student's t test). (D) a-chimerin-specific siRNA reduced the level of a-chimerin protein but not EphA4 protein. A 58.5% reduction of a-chimerin protein was observed in total lysates from cultured neurons in which 62% (not shown) of cells expressed a-chimerin-specific siRNA/EYFP, suggesting a drastic (>90%) reduction of a-chimerin.
ephexin-induced RhoA activation. In contrast to the absence of an Ephexin1 KO phenotype, we demonstrated that the formation of CST and CPGs is impaired in a-Chn mutant mice.
Critical Role of Rho-GTPase Inactivation in Ephrin/Eph Signaling Ephrin/Eph signaling is important in a wide range of biological processes, including oocyte maturation, early morphogenesis, segmentation, guidance of migrating cells, synaptic plasticity, dendritic-spine formation, and axon guidance (Flanagan and Vanderhaeghen, 1998; Palmer and Klein, 2003; Pasquale, 2005) . Recent studies of in vitro orientation suggest that in various biological phenomena, ephrin/Eph signaling regulates actin dynamics by activating Rho-GTPases, such as RhoA, Rac, and Cdc42, through Rho-GEFs Fu et al., 2007; Irie and Yamaguchi, 2002; Murai and Pasquale, 2005; Ogita et al., 2003; Penzes et al., 2003; Shamah et al., 2001; Tanaka et al., 2004) . We suggest that a further mode of ephrin/Eph signaling exists, in which Ephs regulate actin dynamics by inactivating Rho-GTPases through Rho-GAPs.
Ephrin/Eph signaling might control actin dynamics by regulating the balance between negative regulators of actin polymerization (such as RhoA) and positive regulators (such as Rac and Cdc42; Sahin et al., 2005; Shamah et al., 2001) . This theory only takes into account Rho-activation; however, we have now shown that Rho-inactivation is another important aspect of the ephrin/Eph regulation of actin dynamics. The activity of each Rho-GTPase might be controlled by the balance between its activation by Rho-GEFs and its inactivation by Rho-GAPs. In mammalian cells, there are many diverse Rho-GEFs and RhoGAPs with different substrate specificities that are controlled by different mechanisms (Etienne-Manneville and Hall, 2002) . Thus, it is possible that ephrin/Eph signaling in different processes employs specific Rho-GEFs and/or Rho-GAPs to achieve the appropriate balance of activity of each Rho-GTPase. In short, we propose that ephrin/Eph signaling regulates actin dynamics in two ways: first, by regulating the balance between the activities of different Rho-GTPases (such as RhoA and Rac or Cdc42), and second, by regulating the balance between activation and inactivation of each individual RhoGTPase.
Regulation and Roles of a-Chimerin in Neural Development and Function
The present study provides evidence for the involvement of a-chimerin in ephrinB3/EphA4 forward signaling. How does ephrinB3/EphA4 signaling activate a-chimerin? As the kinase-inactive EphA4 FF mutant protein could not activate a-chimerin ( Figure 5F ), it appeared that the kinase activity of EphA4 was necessary for the activation of a-chimerin. However, EphA4 kinase activity alone did not appear to be sufficient as the EphA4 proteins overexpressed in COS cells were phosphorylated and, thus, kinase active, but were unable to fully activate a-chimerin in the absence of ephrinB3 stimulation ( Figures 5E and  5F ). In fact, it has been shown that the kinase activity of EphA4 alone is not sufficient for ephrinB/EphA4 forward signaling in vivo: the EphA4 EE/EE mouse, the kinase of which is constitutively activated, has a normal alternate gait, normal CST axon midline guidance, normal CPG midline guidance, and normal morphology of the spinal cord (Egea et al., 2005) . Cultured cortical neurons derived from EphA4 EE/EE mice undergo normal growth cone collapse in response to clustered ephrinB3. Based on these observations, it has been proposed that higher-order clustering of EphA4 by stimulation of ephrinB is an essential component of ephrinB/EphA4 forward signaling (Egea et al., 2005) . Our results are consistent with this idea. Both the a1 and a2 isoforms of a-chimerin have a single copy of the C1 domain, which is a cysteine-rich motif, and can be activated by the binding of phorbol esters or diacylglycerol (DAG) to the C1 domain (Hall et al., 1990 (Hall et al., , 1993 . Recently, it was reported that cyclin-dependent kinase 5 (Cdk5) regulates EphA4-mediated dendritic-spine retraction (Fu et al., 2007) . Cdk5 is known to interact with a2-chimerin , so it is possible that a protein complex formed by clustering of EphA4 recruits some additional molecules required for linking activated EphA4 to a-chimerin activation. Such additional factors could include Cdk5/p35 and DAG-producing enzymes, such as phospholipase Cg. It should be noted that these (or equivalent) factors do not appear to be specific to neurons, but rather are ubiquitous, as the expression of EphA4 and a2 isoforms in COS cells was sufficient to inactivate Rac upon stimulation by clustered-ephrinB3 ( Figures 5E  and 5F ).
The a-Chn gene is widely expressed in the central nervous system both during development and in adulthood (Hall et al., 2001 (Hall et al., , 1990 (Hall et al., , 1993 , and a-chimerin is found not only in axons but also in neuronal dendrites (Hall et al., 2001) . It would be interesting to test whether a-chimerin plays a role in dendrite development in the brain. Recent studies using overexpression and/or siRNA-induced knockdown of a1-chimerin in cultured hippocampal neurons and cerebellar slices suggest that it regulates dendritic morphology and dendritic-spine density (Buttery et al., 2006; Van de Ven et al., 2005) . a-chimerin might also be involved in NMDA receptor-dependent developmental plasticity, such as maturation of the barrel cortex (Iwasato et al., 2000 (Iwasato et al., , 1997 , as well as in learning and memory, as it has been shown to interact with NMDA receptors in vitro ( Van de Ven et al., 2005) . The mfy/mfy mouse is thus a promising experimental model for elucidating the roles of a-chimerin Rac-GAP in the development and function of the central nervous system.
EXPERIMENTAL PROCEDURES Animals
A Tg construct was made by modifying the RP23-413N9 BAC clone derived from B6 mouse genomic DNA (Roswell Park Cancer Institute, NY, USA). The Tg founder mice were generated by microinjection of linearized constructs into fertilized eggs. a-Chn KO mice were generated using MS12 ES cells derived from the B6 strain (for details see the Supplemental Experimental Procedures). All of the mice were maintained according to the institutional guidelines of the animal facilities of the RIKEN-BSI.
VR Recordings
P1-P3 mice were anesthetized with isoflurane, and their spinal cords were removed as described elsewhere (Nishimaru et al., 2006) . Electrical recordings of the VRs were made with glass-suction electrodes, and locomotor-like rhythmic activity was evoked by the concomitant bath application of NMDA (4-7 mM) and serotonin (5HT; 4-7 mM). Details of the recording procedure and data analyses are provided in the Supplemental Data.
Linkage Analyses PCR primers for the microsatellite markers and SNPs were designed using the Mouse Genome Informatics (http://www.informatics.jax. org/) and National Centre for Biotechnology Information (http://www. ncbi.nlm.nih.gov/SNP/) databases, respectively, and were verified by PCR using the genomic DNAs of inbred B6 and DBA/2 mice and B6/ DBA F 1 hybrids (for detailed methods, see Figure S3 and Supplemental Data).
Generation of Antibody KLH-coupled synthetic peptides (MALTLFDTDEYRPPVWKC) corresponding to the N terminus of a2-chimerin ( Figure S4A ) were used to raise a rabbit polyclonal antibody (BSI Research Resources Center). Sera were affinity purified on the same peptides.
Measurement of Rac1 Activity
Transfected COS-7 cells were stimulated with 2 mg/ml preclustered ephrinB3-Fc (R&D Systems) in serum-free medium for 10 min. The cells were lysed with ice-cold cell lysis buffer containing 4 mg of GST-CRIB of aPak (amino acids 70-150). After centrifugation, the supernatant was incubated with glutathione-Sepharose beads, and bound proteins were analyzed by SDS-PAGE and immunoblotting (for detailed methods, see Supplemental Data).
Growth Cone Collapse Assay
Primary neurons were dissociated from the anterior dorsomedial to dorsal neocortex of E16.5 mice or E18.5 rats as described elsewhere (Ishikawa et al., 2003 , Kullander et al., 2001a . The neurons were plated onto poly-D-lysine and laminin-coated coverslips and cultured in Neurobasal medium supplemented with 2% B27 (Invitrogen). They were then stimulated with 5 mg/ml preclustered ephrinB3-Fc for 30 min, fixed with 4% paraformaldehyde, and stained with rhodamine-conjugated phalloidin (Invitrogen; for detailed methods, see Supplemental Data).
Supplemental Data
Supplemental Data include Experimental Procedures, References, nine figures, and one table and can be found with this article online at http://www.cell.com/cgi/content/full/130/4/742/DC1/.
